Purpose: In this study, we attempted to obtain full dosimetric data for a new 90 Y brachytherapy source developed by the College of Chemistry (Sichuan University) for use in high-dose-rate after-loading systems.
Purpose
Currently, many new types of brachytherapy sources are available. Beta-emitting sources are widely utilized in brachytherapy fields. The dosimetric parameters of beta-emitting sources that have been applied in intravascular brachytherapy (IVBT) have been calculated through some experimental measurements and various simulation programs. For example, Soares et al. obtained a radial dose function and an anisotropy function from their measurements of an old 90 Sr/ 90 Y source in A150 plastic, and these authors also presented Monte Carlo results of these dosimetric parameters [1] . The dosimetric parameters of an old 90 Sr/ 90 Y source were calculated by Holmes et al. using an experimental method [2] .
Furthermore, beta-emitting brachytherapy sources have been applied in radiotherapy for other localized tumors. 90 Y microspheres have recently been used to treat unresectable hepatocellular cancer by Nelson et al. [3] . The 32 P source model RIC-100 has been used for temporary radiation therapy of the spinal dura and other localized tumors, and dosimetric evaluations have been applied to the source with an MCNP5 Monte Carlo code by Cohen et al. [4] .
Recently, a new 90 Y source was developed by Wang et al. (Sichuan University) that is a beta-particle-emitting source for treatment of liver cancer. According to the American Association of Physicists in Medicine (AAPM) TG60/TG149 report recommendations [5, 6] , the dosimetries at distances of one millimeter from the beta-emitting sources are poorly understood, and better understanding of the dosimetry in the millimeter range will help these sources in the development of clinical practice. All beta-emitting brachytherapy sources for use in clinical practice require obtaining dosimetric parameters based on the TG60/TG149 formalism. In addition, the TG60 and TG149 reports reviewed the physics of the IVBT and provided the dose parameter formalisms for the beta-emitting brachytherapy source. These dose parameters include the reference absorbed dose rate, radial dose function, and anisotropy function. However, the dosimetric parameters of the 90 Y source have created new challenges in the field of brachytherapy dosimetry. The experimental measurements are difficult to perform accurately at these close distances due to the large dose gradients and other technical considerations. When an experimental method does not work in the spatial scale of a millimeters or submillimeters, Monte Carlo methods can provide dosimetric data with the required spatial resolution [5, 7, 8] . Monte Carlo methods play important roles in dosimetry and radiotherapy, especially regarding the performance of difficult radiation transport problems [9] . In the present work, we employed the Monte Carlo simulation code Geant4 to derive accurate calculations of the dosimetric parameters of the new 90 Y source according to the dose calculation formalisms recommended by AAPM reports TG60/TG149 and the quality assurance (QA) purposes of the new 90 Y source. The reference absorbed dose rate and radial dose functions were compared with the results of the old 90 Sr/ 90 Y source calculated by Wang et al. [8] .
Material and methods

Brachytherapy sources
The source design, materials and sizes are presented in Figure 1 . The design of the new 90 Y source was provided by the College of Chemistry (Sichuan University), and the tolerances of this new source were ± 0.01 mm provided by manufacturer. The basic sizes and materials of the core and capsules used in the simulation were taken as follows: the composition of the liquid 90 Y core was assumed to be H 2 O with a density of 1.0 g/cm 3 , and the radioactive material was uniformly distributed in its core. The active core was encapsulated. The capsule material was polyethylene (PE, 86% carbon and 14% hydrogen) with an effective density of 0.94 g/cm 3 as shown in Table 1 . The active length of the new source was 4.7 mm. At the center of the capsule was a cylinder 4.2 mm in length, 0.8 mm in outer diameter, and 0.5 mm in inner diameter, with two semispherical endings with 0.8 mm external diameters and 0.5 mm inner diameters on the top and the bottom of the cylindrical capsule. The thickness of the PE capsule was 0.15 mm at the cylindrical core.
The 90 Y source was a pure beta emitter with a 2.7-day half-life, a maximum beta energy of 2.288 MeV, and an average beta energy of 0.934 MeV [5, 10] . The energy spectrum of the 90 Y source was complicated and has been described by Cross et al. [11] ; the values of the 90 Y energy spectrum are presented in Table 2 [11] . Additionally, many other beta-emitting brachytherapy sources are available ( 90 Sr, 32 P, and 90 Sr/ 90 Y source). 90 Sr source with a 28.5 years half-life, an average and a maximum energies of 196 keV and 546 keV, respectively [10] . The 32 P source is a pure beta emitter with a 14.3 day half-life, a maximum beta energy of 1.71 MeV and an average beta energy of 0.695 MeV [12] . The 90 Sr/ 90 Y source emitted electrons with energies in a continuum that reached up to [10] .
Dose calculation formalism
The dose calculation formalism for the beta-emitting source proposed by the AAPM report TG60 in 1999 was followed. This formalism is described in terms of the polar coordinate system as shown in Figure 2 . For a betaparticle-emitting source, the dose calculation formalism is different from that for a photon-emitting source. The air kerma strength (S k ) and dose rate constant in water (Λ) were replaced by the reference absorbed dose rate D(r 0 , θ 0 ), which has units of cGy s -1 mCi -1 . This replacement occurred because the air kerma was only applied to photon emitting sources and did not exist for beta-emitting sources [5] . The dose at any point around the source can be expressed as follows:
where L is the active length of the source (L = 4.7 mm) and r 0 is the reference distance, which was defined as 2 mm in this protocol. The reference angle θ 0 was specified as p/2. G L (r, θ) is the geometry factor, g L (r) is the radial dose function (the subindex L means the use of the 2D approach instead the 1D), and F(r, θ) is the dose anisotropy function.
Monte Carlo simulation code
We used Monte Carlo Geant4 methods to study the dosimetric parameters of the new 90 Y source. The Monte Carlo methods were particle of transport methods that have increasingly been used in radiation therapy, mainly in the development of the brachytherapy field. Popular Monte Carlo methods in this field include Geant4 [13] , FLUKA [14] , EGS [15] , MCNP [16] , and PENELOPE [17] . The Geant4 code has been developed and successfully applied in the high, a low energy ranges, and beta-emitting brachytherapy sources [18] .
Geant4 (Geant4.9.6.P02 development version) was developed by the European Organization for Nuclear Research (CERN) and is based on the C++ language. This code exploits advanced software-engineering techniques and object-oriented technology to achieve transparency, and requires the user to write each particle and physics model for inclusion in the simulation. This software also provides interaction models for all of the electromagnetic and nuclear processes that are relevant to the transport of brachytherapy. The Geant4 physics model selected for this work was a standard electromagnetic interaction model and employed the function GetTotalEnergyDeposit to obtain the dosimetric data. The Geant4 photon and electron cross sections were based on the EPDL97 and EEDL97 cross section libraries, respectively [19, 20] . The number of electrons N e generated in each simulation was N e = 3 × 10 8 , and the cutoff energy of photon and electron was set to 1 keV [21] . In the results for the new 90 Y source, all of the secondary particles generated by the source particles (electrons and photons) were completed scored.
In this study, we assumed that the new 90 Y source was positioned at the center of a spherical liquid water phantom with a 30 cm radius, which was performed to provide dose data for water and to simulate infinite phantom conditions for distances of r < 10 mm. The absorbed dose that was used to calculate the radial dose function and anisotropy function was obtained simultaneously in cylindrical (y, z) and spherical (r, θ) coordinates, and the source axis is along the z axis of the coordinate system as shown in Figure 2 . In the coordinate system, y and z are representative of the radial and axial coordinates, respectively. In the spherical coordinates, r is defined as the distance from the center of the active region of the source. When z = 0, we set up the scoring cells at y in the range from 1.0 to 8.0 mm in 0.2-mm intervals to obtain the absorbed dose D (y, z). Subsequently, we used these absorbed doses to obtain the radial dose function. In the spherical coordinate system, we set up the scoring cells at the same distances as those used in the cylindrical coordinate system. Simultaneously, we used θ ranges from 0° to 90° in 5° intervals to obtain the absorbed dose D(r, θ) and then used the anisotropy function equation to calculate the anisotropy function.
Uncertainty analysis
According to AAPM TG-43U1 recommendation, a dosimetric uncertainties (statistical uncertainty and systematic uncertainty) analysis should be performed [22] . 
Results
Reference absorbed dose rate
The reference absorbed dose at point r 0 = 2 mm for the new 90 Y source was obtained by using the Geant4 code and it was found to be equal to 4.4887 × 10 -10 Gy/electron. The reference absorbed dose rate D(r 0 , θ 0 ) of the new 90 Y source in water was 1.6608 cGy s -1 mCi -1 as shown in Table 4 , which also illustrates the values that were calculated for the old 90 Sr/ 90 Y source by Wang et al. [8] using a EGS4 Monte Carlo code (the composition of the capsule was SS304 stainless steel and the diameter and height of the active core were 0.56 and 2.5 mm, respectively). The value of D(r 0 , θ 0 ) for the new 90 Y source was 45% higher than that calculated for the old 90 Sr/ 90 Y source and these percentage differences were nearly equal to the percentage differences observed for the energies, sizes, and materials for the two sources. The new 90 Y source had a greater energy than the old 90 Sr/ 90 Y source and this high energy makes the radiation more penetrating.
Radial dose functions
The two-dimensional dose distribution D(r 0 , θ 0 ) was calculated for the new 90 Y source in water. This dose distribution was used to derive the radial dose functions of the source. Table 5 shows the radial dose function g L (r) at the radial distances over the range of 1.0 to 8.0 mm (the subindex L means the use of the 2D approach instead the 1D with active length L = 4.7 mm). This table illustrates that, at the radial distances far from the source (r ≥ 8.0 mm), the radial dose functions had lower values.
In Figure 3 , a fitted polynomial function of the new 90 Y source and a comparison of the radial dose functions The radial dose function g L (r), also fit over the range of 1.0 mm ≤ r ≤ 8.0 mm using a fifth-order polynomial function as presented in Figure 3 . The polynomial function is shown in Eq. (2) . The values of the fitted parameters were as follows: R-squared (R 2 ) 0.99992, a 0 = -0.00063, a 1 = 0.05057, a 2 = -0.37012, a 3 = 6.84190, a 4 = -15.69895, a 5 = 8.42267, and a 6 = 1.7092. The overall accuracies of the fits were excellent, and the fits based on the polynomial exhibited maximum and mean deviations of less than 0.56% and 0.23%, respectively. g(r) = (a 0 r -2 + a 1 r -1 + a 2 + a 3 r + a 4 r 2 + a 5 r 3 )e -a 6 r (2) where r is the radial distance from the center of the source for θ = 0°. Table 6 . Cont. 
Anisotropy functions
In Table 6 , the full data for the anisotropy functions An along-away table for quality assurance (QA) purposes is presented in Table 7 . For these tables, the transverse direction is equal to the z axis and the longitudinal 
